TiO 2 /hydroxyapatite (TiO 2 /HA) composite nanofiber mats were fabricated using an electrospinning technique. Subsequently, pamidronic acid (PDA) was immobilized on the surface of the TiO 2 /HA nanofiber mat to improve osseointegration. X-ray photoelectron microscopy and scanning electron microscopy (SEM) were used to characterize the structure and morphology of the PDA-immobilized TiO 2 /HA composite nanofiber mat (TiO 2 /HA-P). The potential of TiO 2 /HA-P as a bone scaffold was assessed by examining the cell adhesion and proliferation of osteoblasts and osteoclasts. The adhesion and proliferation of osteoblasts on the TiO 2 /HA-P composite nanofiber mat were slightly higher than those on the TiO 2 /HA composite nanofiber mat, whereas the viability of osteoclasts on the TiO 2 /HA-P nanofiber mat was significantly suppressed. These results suggest that the TiO 2 /HA-P nanofiber mat has the potential for use as a therapeutic bone implant.
Introduction
Titanium (Ti) and some of its alloys are the most widely used metallic materials for biomedical applications. Their inherent biocompatibility, excellent mechanical properties, and corrosion resistance make them suitable for biomaterials in tissue engineering [1, 2] . Over the past few decades, a range of materials and designs have been used to improve the osseointegration of titanium implants [3] [4] [5] [6] [7] . Hydroxyapatite (HA), a major inorganic component of natural bone and teeth, has been studied extensively and used in biomedical implant applications and bone regeneration owing to its good osteoconductivity and bone binding ability to natural bone [8] [9] [10] [11] . The addition of hydroxyapatite (HA) to titanium implants has attracted considerable interest because of its potential use as a biomaterial with a range of treatments, such as solgel and hydrolysis and hydrothermal treatment [12] . Many researchers have examined TiO 2 /HA composites [13, 14] .
Ramires et al. investigated the biocompatibility of TiO 2 /HA composite coatings and reported that they are bioactive and effective in improving the growth of osteoblasts [15] . Bigi et al. reported that hydroxyapatite-coated nanostructured titanium alloys induce the differentiation of mesenchymal cells (MSCs) towards a phenotypic osteoblast lineage [16] . Recently Kim et al. prepared TiO 2 /HA composite nanofiber mats using an electrospinning technique and immobilized collagen on the surface of the mats to improve the tissue compatibility. They showed that the collagen-immobilized TiO 2 /HA composite nanofiber mats induced better adhesion, proliferation, and differentiation of osteoblasts than the unmodified TiO 2 /HA composites [17] .
The surface properties of implanted materials play important roles in tissue acceptance and cell survival. Over the last few decades, a range of techniques and materials with surface modifications have been developed to improve the biological surface properties of implant materials [18] [19] [20] . Pamidronic acid, a nitrogen containing bisphosphonate, has recently gained importance as a surface modifier for orthopedic and dental implants. PDA is used to prevent bone loss and treat osteoporosis in a variety of diseases, such as bone metastasis, hypercalcemia of a malignancy, and Paget's disease [21] [22] [23] [24] . In orthopedic implants, PDA is expected to inhibit the bone resorptive activity of osteoclasts, thereby promoting osteogenesis at the bone tissue/implant interface [25, 26] . Yoshinari et al. reported that PDA-immobilized titanium has no cytotoxic effects on osteoblasts and affects the differentiation of osteoblasts [27] . Kajiwara et al. reported that a PDAimmobilized titanium surface stimulates new bone formation around the implant in vivo, which contributes to the success of implant technology [28] . A previous study showed that PDA-immobilized titanium nanotube suppressed the viability of osteoclasts and reduced their bone resorption activity [29] . On the other hand, there are no reports on the immobilization of PDA on TiO 2 /HA composite nanofiber mats. The combination of TiO 2 , HA, and PDA in the scaffolds should have combined benefits that are not achieved by the individual components.
In this study, TiO 2 /HA composite nanofiber mats were prepared using an electrospinning method. Pamidronic acid was then immobilized onto the surface of the nanofiber composite mats. Its potential use in bone regeneration and tissue engineering was examined by comparing the in vitro cellular response to the surface-modified (TiO 2 /HA-P) and unmodified (TiO 2 /HA) composite nanofiber mats in terms of cell adhesion and proliferation.
Experimental
2.1. Materials. Titanium isopropoxide, pamidronic acid, calcium nitrate tetrahydrate, polyvinylpyrrolidone (PVP), tetraethylorthosilicate (TEOS), 2-methoxyethanol, Poly (ethylene glycol) bis (carboxymethyl) ether (molecular weight (Mn) 250) (PEG), carbodiimide, isopropanol, aqueous formaldehyde, (tetramethylrhodamine isothiocyanate)-phalloidin (TRICK) were purchased from Sigma Aldrich. Phosphate buffer saline (PBS), 3-(4,5-dimethylazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide assay (MTT), Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum (FBS), penicillin streptomycin (PGS) were purchased from Gibco, Invitrogen, USA, tartrate-resistant phosphatase (TRAP) staining kit was purchased from Kamiya Biomedical Company, Seattle, WA USA, and 4 ,6-diamidino-2-phenylindole (DAPI) was purchased from Millipore. All the chemicals were used without further purification.
Methods

Solution Preparation.
HA and TiO 2 solutions were prepared according to the literature protocols [13, 17] . Briefly, a HA solution was prepared by vigorously stirring a mixture of precursors, such as calcium nitrate tetrahydrate and triethyl phosphate in 2-methoxyethanol. First, calcium nitrate tetrahydrate (4.0 g, 1 M) and triethyl phosphate (1.86 g, 0.6 M) were hydrolyzed at room temperature for 24 h in a beaker containing 2-methoxyethanol and distilled water, respectively. Both precursors were mixed at a Ca/P ratio of 1.67 with vigorous stirring for 5 h at room temperature. For aging, the as-prepared precursors were closely capped and placed in an oven at 37 ∘ C for 7 days. A HA solution with the appropriate viscosity was obtained via a slow evaporation process of the precursor at 40 ∘ C for 48 h. To produce the TiO 2 solution, titanium isopropoxide (1 M) was hydrolyzed in a 2-methoxyethanol solution, and polyvinylpyrrolidone (PVP) (8-13 wt%) was then added to the TiO 2 -methoxyethanol solution as a binding agent. The mixed solutions were then stirred at room temperature for 24 h to obtain a TiO 2 /PVP solution. Subsequently, 2 wt% HA solution and 1 wt% tetraethylorthosilicate (TEOS) were mixed with the TiO 2 /PVP solution to prepare a TiO 2 /PVP/HA solution. The mixed solution was stirred vigorously at room temperature for 6 h and then slowly for further 3 h at 40 ∘ C to achieve the appropriate viscosity and electroconductivity for the electrospinning process.
Fabrication of TiO 2 /HA Composite Nanofiber Mats.
TiO 2 /PVP/HA solutions prepared above were then subjected to electrospinning. The electrospinning experiments were carried out at room temperature, and the apparatus for electrospinning was assembled based on the study reported by Lee et al. [30] . The TiO 2 /PVP/HA solution was filled in a 10 mL glass syringe fitted with a needle with an inner diameter of 0.4 mm. The jets generated from the needle by high voltage flew to the collector and formed a nanofiber mat. The TiO 2 /PVP/HA solutions were electrospun under a range of conditions with a mass flow rate of 0.5-1.0 mL/h, applied voltage between 10 and 20 kV, a tip to collector distance of 10-20 cm, and solution concentration from 8 to 13 wt %. The electrospun samples were dried overnight at 40 ∘ C to remove moisture and were cut into 10 cm 2 pieces of nanofiber mat. The as-spun TiO 2 /PVP/HA nanofiber mats were then calcined at 800 ∘ C for 3 h at a very low heating rate (1 ∘ C/min) to completely eliminate PVP from the nanocomposite. The calcined TiO 2 /HA composite nanofiber mats were used for PDA immobilization. The morphology of the TiO 2 /HA composite nanofiber mats was observed by field emission scanning electron microscopy (FE-SEM, Jeol Co., JSM 6700F). The calcined TiO 2 /HA nanofibers were crushed and dispersed in distilled water. The dispersed nanofiber fragments were collected on carbon-coated copper grids (300 mesh) and observed by transmission electron microscopy (TEM, H-7600, Hitachi Ltd.).
Immobilization of Pamidronic Acid (PDA) on TiO 2 /HA
Composite Nanofiber Mats. The immobilization of PDA on the TiO 2 /HA composite nanofiber mats was carried out in three steps. First, the primary amine (-NH 2 ) group was introduced to the surface of the TiO 2 /HA composite nanofiber mats by a reaction of aminopropyltriethoxysilane (APTES) with surface hydroxyl group (-OH) of TiO 2 /HA composite nanofiber mats. Poly (ethylene glycol) bis (carboxymethyl) ether was activated with water soluble carbodiimide and reacted with the free terminal amino groups of TiO 2 /HA composite nanofiber mats to produce terminal carboxylic acid on the surface. PDA was then immobilized using the free terminal carboxyl groups of the mats to prepare PDAimmobilized TiO 2 /HA composite nanofiber mats. Briefly, a TiO 2 /HA composite nanofiber mat (6 × 6 cm 2 ) was immersed in an APTES-water solution (1 : 9) and sonicated for 30 min. The nanofiber mats were then heated to 90 ∘ C for 2 h with gentle stirring. The silanized TiO 2 /HA composite nanofiber mats were washed with water in an ultrasonic cleaner and dried under reduced pressure and room temperature to produce the primary amine-coupled TiO 2 /HA composite nanofiber mats (TiO 2 /HA-A). The TiO 2 /HA-A nanofiber mat was then immersed in a beaker containing an aqueous solution of poly (ethylene glycol) bis (carboxymethyl) ether (10 −5 M, 100 mL) and a WSC solution of (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, 0.5 g; 0.25 wt%) and Nhydroxysuccinimide (NHS, 0.5 g; 0.25 wt%) dissolved in 20 mL water) and it was stirred gently for 5 h at 4 ∘ C followed by alkaline hydrolysis to obtain the carboxyl functional TiO 2 /HA composite nanofiber mat (TiO 2 /HA-C). Terminal carboxylic acid of TiO 2 /HA-C was then activated with water soluble carbodiimide and immersed in a solution of pamidronic acid sodium salt hydrate and stirred for 12 hr at 4 ∘ C to obtain the PDA-immobilized TiO 2 /HA composite nanofiber mats (TiO 2 /HA-P, Figure 1 ). TiO 2 /HA-P was then washed with distilled water and dried. PEG was used due to its long chain that will help in dynamic motion and improved flexibility of the molecules. Thus it will prompt interaction of osteoblasts and osteoclasts with TiO 2 /HA-P and TiO 2 /HA composite nanofiber mats. The chemical composition of the TiO 2 /HA-P surface was analyzed by electron spectroscopy for chemical analysis (ESCA, ESCA LAB VIG Microtech, East Grinstead, UK) using MgK radiation at 1253.6 eV and a 150 W power mode at the anode.
Osteoblastic Cell Culture.
To examine the interaction of the TiO 2 /HA-P and TiO 2 /HA composite nanofiber mat with osteoblasts (MC3T3-E1), the nanofiber composite mats were cut into small circular discs, fitted inside a 24-well culture dish, and immersed in a Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS). Subsequently, 1 mL of the MC3T3-E1 cell solution (3 × 10 4 cells/mL) was added to the surface of the nanofiber composite mats and incubated in a humidified atmosphere containing 5% CO 2 at 37 ∘ C for 1 and 2 days. After incubation, the supernatant was removed, and the nanofiber composite mats were washed twice with phosphate buffered saline (PBS) and fixed in a 4% formaldehyde aqueous solution for 15 min. The samples were then dehydrated, dried in a critical-point drier, and sputter-coated with gold. The surface morphology of the nanofiber composite mats was observed by FE-SEM.
A 3-(4,5-dimethylazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was used to determine the proliferation of osteoblasts on the TiO 2 /HA-P and TiO 2 /HA composite nanofiber mats. Briefly, MC3T3-E1 osteoblasts were seeded at a concentration of 3 × 10 4 cells/mL on the TiO 2 /HA and TiO 2 /HA-P composite nanofiber mats, which were fitted in a 24-well plate, and cell proliferation was monitored after 1 and 3 days of incubation. A MTT solution (50 L, 5 mg/mL in PBS) was added to each well and incubated in a humidified atmosphere containing 5% CO 2 at 37 ∘ C for 4 hrs. After removing the medium, the converted dye was dissolved in acidic isopropanol (0.04 N HCl-isopropanol) and kept in the dark at room temperature for 30 min. From each sample, the medium (100 L) was taken, transferred to a 96-well plate, and subjected to ultraviolet measurements for the converted dye at a wavelength of 570 nm on a kinetic microplate reader (EL x 800, Bio-T Instruments, Inc, Highland Park, USA).
Differentiation of Macrophage.
For osteoclastic differentiation, the hematopoietic stem cells (HSC, RAW 264.7) at a cell density of 3 × 10 4 cells/mL were cultivated on TiO 2 /HA-P and TiO 2 /HA composite nanofiber mats in a DMEM medium containing 10% FBS, 50 ng/mL mouse recombinant receptor activator of nuclear factor Kappa-B ligand (RANKL), and 50 ng/mL macrophage colony-stimulating factors from mouse (m-CSF). The culture medium was changed every 2 days.
Tartrate-Resistant Phosphatase (TRAP) Staining and Solution Assays.
To analyze the osteoclastic differentiation, the cells after 3 days of culture in the differentiation medium were washed once with PBS and fixed with 10% formalin (50 L, neutral buffer) at room temperature for 5 min. After fixation, the cells were washed with distilled water and incubated with a substrate solution (3 mg of chromogenic substrate with 5 mL tartrate containing buffer (pH 5.0)) for 30 min at 37 ∘ C. The cell images were obtained by fluorescence microscopy (Carl Zeiss, Axioplan 2, Germany).
For immunocytochemistry, the HSC were cultivated in a differentiation medium. After 4 days, they were fixed and immunostained after 4 days with 4 ,6-diamidino-2-phenylindole (DAPI) and {(tetramethylrhodamine isothiocyanate)-phalloidin} (TRICK) as described previously [31] . Multinucleated cells containing more than three nuclei were considered differentiated osteoclast-like cells. The cell images were obtained by fluorescence microscopy.
To examine the viability of the osteoclast cells on the TiO 2 /HA and TiO 2 /HA-P composite nanofibers mats, the differentiated macrophage cells after 3 days of culture were stained with calcein-AM and propidium iodide. The differentiated macrophages cells were suspended in PBS with a cell density of 1 × 10 5 − 1 × 10 6 cells/mL. Subsequently, 200 L of a cell suspension was mixed with a 100 L assay solution and incubated for 15 min at 37 ∘ C. The assay solution composition was; 10 L calcein-AM solution (1 mM in dimethyl sulfoxide (DMSO)), and 5 L propidium iodide (1.5 mM in H 2 O) was mixed with 5 mL PBS. The cells were examined by fluorescence microscopy with excitation at 490 nm for the simultaneous monitoring of viable and dead cells.
The proliferation of differentiated macrophages cells on the TiO 2 /HA-P and TiO 2 /HA composite nanofiber mat was assessed using a 3-(4,5-dimethylazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay, as described in the section for the osteoblastic cell culture, and examined by fluorescence microscopy. 
Results and Discussion
Surface Characterization of the TiO 2 /HA Composite
Nanofiber Mats. The surface morphology of the TiO 2 /HA composite nanofiber mat (before and after calcination at 800 ∘ C for 3 h) was examined by FE-SEM. As can be observed from the FE-SEM images depicted in Figure 2 , the morphology of the TiO 2 /HA composite nanofiber before and after calcinations was uniform and beadless. After calcinations the heat treated nanofibers showed no drastic morphological change apart from the fact that there was decrease in the TiO 2 /HA composite nanofiber diameter because of the decomposition of PVP at elevated temperature, which was used as a binding source. After calcinations the calculated outer mean diameter of the nanofibers was 100 nm.
The morphology of the TiO 2 /HA nanofiber was further assessed by TEM. Figure 3(a) shows TEM micrograph of a free standing TiO 2 /HA nanofiber having average diameter slightly above 100 nm. The fiber surface is smooth and uniform, which indicates that TiO 2 was uniformly dispersed in the PVP mixture. The fibers were uniform and consisted of grains which were densely packed along the fiber length. Figure 3(b) is the magnified TEM micrograph of the TiO 2 /HA composite nanofiber.
Immobilization of PDA on TiO 2 /HA Composite Nanofiber
Mats. The immobilization of PDA on the TiO 2 /HA composite nanofiber mats was confirmed by ESCA (Figure 4) . The N1s and P2p photoelectron signal is the marker of choice for confirming successful PDA immobilization. The TiO 2 /HA composite nanofiber mat (Figure 4(a) ) showed three photoelectron signals corresponding to C1s (binding energy, 285 eV), Ti2p3 (binding energy, 459 eV), and O1s (binding energy, 529 eV). On the other hand, seven photoelectron signals were observed for TiO 2 /HA-P (Figure 4(c) ), which corresponds to C1s, Ti2p3, O1s, N1s (binding energy, 401 eV), Si2s (binding energy, 154 eV), and P2p (binding energy, 133.7 eV). The binding energies of the N1s and P2p photoelectrons obtained from TiO 2 /HA-P were assigned to NH 2 − (400.6-401.9 eV) and PO 4 −3 (133.7), respectively [32] . The presence of two new elements, N and P, in TiO 2 /HA-P confirmed the immobilization of PDA on the surface of the TiO 2 /HA composite nanofiber mat. Table 1 lists the elements calculated from the scan spectra of the mats. Figure 5 depicts SEM images of the osteoblastic cells adhered to the surface of the TiO 2 /HA and TiO 2 /HA-P mats after 1 and 2 days of culture. Regardless of the type of mat, the number of adhered cells increased with time. Slightly more cells adhered to TiO 2 /HA-P than TiO 2 /HA, but the differences were not significant. Comparative studies for the proliferation of osteoblasts and osteoclasts were carried out by using MTT assay. Figure 6 represents the results of the MTT assay of osteoblastic cells cultured on TiO 2 /HA-P and TiO 2 /HA composite nanofiber mats after 1 and 3 days of culture. The proliferation of osteoblastic cells cultured on TiO 2 /HA-P composites nanofiber mat was slightly higher than that on TiO 2 /HA composite nanofiber mat, indicating that PDA immobilization was not toxic to osteoblasts, highlighting the favorable microenvironment for osteogenetic ability.
Interaction of Bone Cells with TiO
Differentiation of Macrophages into
Osteoclasts and Viability on the Nanofiber Mats. To examine the viability of osteoclast cells, the hematopoietic stem cells (HSC) from mice were seeded on an unmodified TiO 2 /HA and TiO 2 /HA-P composite nanofiber mats and induced to differentiate into multinucleated osteoclasts-like cells using standard m-CSF and RANKL procedures [29] . The differentiation of macrophage cells into osteoclasts was confirmed using a series of staining agents. TRAP is a marker of osteoclasts and shows a red color when stained with a tartrate and chromogenic substrate. After 3 days of differentiation, TRAP positive cells were observed, indicating that the macrophages had differentiated into osteoclasts ( Figure 7) . The differentiated macrophage stained with calcein-AM and propidium iodide exhibited green fluorescence on the TiO 2 /HA composite nanofiber mat, indicating the good viability of the cells (Figure 8(a) ). On the other hand, in addition to the green fluorescence, red fluorescence was also observed on the TiO 2 /HA-P composite nanofiber mat, suggesting that some osteoclast cells died when they came in contact with PDA ( Figure 8(b) ). Figure 9 illustrates the MTT assay of the osteoclasts cultured onto TiO 2 /HA and TiO 2 /HA-P composite nanofiber mats surface after 3 and 4 days of culture. The level of osteoclasts proliferation on the TiO 2 /HA-P composite nanofiber mat was significantly lower than that on the TiO 2 /HA composite nanofiber mat. Osteoclasts normally destroy themselves by apoptosis, a form of cell suicide. PDA encourages osteoclasts to undergo apoptosis by binding and blocking the enzyme, farnesyl diphosphate synthase (FPPS), in the mevalonate pathway [33] . Therefore, PDA immobilized on the TiO 2 /HA composite nanofiber mat suppressed the viability of the osteoclasts and has the potential to reduce their bone resorption activity. These results suggested that TiO 2 /HA-P composite nanofiber mats hold this unique property of reducing osteoclast cells growth and at the same time providing favourable environment for the osteoblast cells proliferation (Figure 6 ).
Conclusion
TiO 2 /HA composite nanofiber mats were prepared by an electrospinning technique and pamidronic acids were immobilized on the surface of the mat. PDA immobilized on the TiO 2 /HA composite nanofiber mats did not show any cytotoxicity on the osteoblast cells. On the other hand, the viability of the osteoclasts was suppressed on the PDAimmobilized TiO 2 /HA composite nanofiber mat. From these results it is concluded that TiO 2 /HA-P nanofiber mat has strong potential for use as a therapeutic bone implant.
